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Abstract
As an approach to realizing all-digital data acquisition for positron emis-
sion tomography (PET), we have previously proposed and studied a multi-
threshold sampling method to generate samples of a PET event waveform
with respect to a few user-defined amplitudes. In this sampling scheme, one
can extract both the energy and timing information for an event. In this
paper, we report our prototype implementation of this sampling method and
the performance results obtained with this prototype. The prototype consists
of two multi-threshold discriminator boards and a time-to-digital converter
(TDC) board. Each of the multi-threshold discriminator boards takes one
input and provides up to 8 threshold levels, which can be defined by users,
for sampling the input signal. The TDC board employs the CERN HPTDC
chip that determines the digitized times of the leading and falling edges of
the discriminator output pulses. We connect our prototype electronics to
the outputs of two Hamamatsu R9800 photomultiplier tubes (PMTs) that
are individually coupled to a 6.25×6.25×25mm3 LSO crystal. By analyzing
waveform samples generated by using four thresholds, we obtain a coinci-
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dence timing resolution of about 340 ps and an ∼18% energy resolution at
511 keV. We are also able to estimate the decay-time constant from the re-
sulting samples and obtain a mean value of 44 ns with an ∼9 ns FWHM.
In comparison, using digitized waveforms obtained at a 20 GSps sampling
rate for the same LSO/PMT modules we obtain ∼300 ps coincidence tim-
ing resolution, ∼14% energy resolution at 511 keV, and ∼5 ns FWHM for
the estimated decay-time constant. Details of the results on the timing and
energy resolutions by using the multi-threshold method indicate that it is a
promising approach for implementing digital PET data acquisition.
Key words: Positron Emission Tomography, Multi-threshold Sampling,
Time Resolution
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1. Introduction
Recently, there is increasing interest in deriving relevant PET event in-
formation from digitally sampled event waveforms (1)(2)(3)(4), and we have
investigated the potentials of employing such digital technologies in deter-
mining the event time. The developments in analog sampling techniques in
the time domain, which samples the waveform at a regular time interval, has
now made multi GSps (109 samples per second) sampling possible (5)(6).
As an alternative approach, we have also proposed a multi-threshold (MT)
sampling method that samples the event waveform with respect to a small
number of amplitude thresholds, and found the method to be capable of
generating reasonably good timing resolution for time-of-flight (TOF) PET
imaging (7)(8). In this paper, we present our prototype implementation of
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this MT sampling method in electronics. We also extend our analysis method
to generate from the digitized waveform not only the event time, but also
the event energy and the decay time constant. Our results indicate that by
employing four thresholds the MT sampling method can yield results that
are useful for PET and TOF-PET imaging. In this digital data-acquisition
(DAQ) architecture, all relevant information is derived from digital data gen-
erated in a unified sampling scheme. Conventionally in PET DAQ, event time
and energy are processed separately using the constant fraction discrimina-
tors (CFD) and analog-to-digital converter (ADC). Those components can be
eliminated in the multi-threshold sampling method. More advanced digital
signal processing (DSP) techniques may also be explored to generate im-
proved results. This simplified and unified approach, plus the possibility to
explore advanced DSP technologies, may result in cost saving and improved
event detection.
2. Methods
2.1. Prototype
Figure 1 shows our prototype implementation of the MT sampling method.
The prototype consists of two multi-threshold discriminator boards and a
TDC board.
The multi-threshold discriminator board contains eight ADCMP582 com-
parators (9), each with a programmable voltage threshold that can be ad-
justed from 0 to 700mV. These thresholds of the discriminator board were
controlled by UMDDA-08HC from CyberResearch which is an 8-channel, 16-
bit digital to analog converter. The input of the board is connected directly to
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a single PMT output with no pre-amplification applied. Currently, we have
two multi-threshold boards and installed four comparators on each board.
For digitization of the timing, the outputs of discriminators were connected
to the High Performance TDC (HPTDC) ASIC which was developed at the
European Organization for Nuclear Research (CERN) (10). An HPTDC
can provide 8 channels with 24.4 ps/bit resolution. The HPTDC chip on
the TDC board continuously took the outputs from the two multi-threshold
discriminator boards and determined the digitized times when these output
pulses made either low-to-high or high-to-low transitions. Either of the lowest
threshold discriminator channel triggers data acquisition of TDC board. The
timing data stored in 256 words deep FIFO of TDC were read out through
a LabVIEW.
2.2. Experimental Setup
Our setup for testing the prototype is depicted by Figure 2. Two Hama-
matsu R9800 PMTs coupled with LSO crystals (6.25×6.25×25mm3) were
spaced 5.0cm apart, and a Na-22 positron source was placed in between the
two PMTs. Both PMTs are operated at -1300V to obtain a nominal gain of
about 106. Each PMT output was directly connected to one multi-threshold
discriminator board input. The discriminator board currently provides 4
threshold levels and they were typically set at 50, 100, 200 and 300mV.
In addition, the full waveforms of PMT signal and discriminator out-
put were also taken by the Tektronix TDS6154C oscilloscope running at a
20GSps sampling rate. These sampled waveforms were analyzed to investi-
gate the timing characteristics of the multi-threshold boards, and to evaluate
the performance characteristics of the prototype.
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2.3. Analysis of the digital samples
Using the waveform samples generated by the multi-threshold board, we
investigated the accuracy and precision in reconstructing the event pulse
shape from the samples. The four thresholds currently used are 50, 100,
200, and 300mV. To apply the multi-threshold method, events with at least
2 thresholds hits for each PMT were selected. Figure 3 demonstrates the
pulse shape reconstruction using the sampled points. The six timing points
generated by the discriminator board are marked in red. The line fitting
was applied to the sampled points on the rising edge of the pulse, and the
exponential curve fitting to the points on the decay portion of the pulse.
The waveform of the same PMT signal was read out by the oscilloscope and
superimposed on Figure 3.
The event time and energy are determined from up to eight sampled
points as follows: The points that comprise the rising edge are fit to a line,
while the points on the trailing edge are fit to an exponential decay function.
The intersection of the line fit to the rising edge with the zero-voltage level is
defined as the event time of the pulse, the total area under the fitted line and
exponential curve gives the event energy, and the exponential decay gives
the scintillation decay constant. The event time, energy, and scintillation
decay constant are similarly determined by performing linear and exponential
fittings to rising and decay portions of the event waveform digitized by the
oscilloscope at 20GSps. The correction on baseline level was done for the
event timing and energy estimation for the 20GSps waveform data analysis.
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3. Results
3.1. Timing characteristics of the discriminator board
The signal path length from the input to the discriminators inside the
board is different from channel to channel. Figure 4 shows measured time dif-
ferences between two discriminator outputs on the same discriminator board.
In this measurement, a pulse generator output was used for the input to the
board. The rise time and pulse height of input pulse were adjusted to about
2 ns and 400mV, respectively, which were similar to R9800 PMT output in
the setup. The thresholds were set at 100mV for all the discriminator chan-
nels. The time differences have been measured for all installed channels on
both boards; the average time resolution was estimated to 12.5 ps in FWHM
for a single discriminator channel. The average time difference between the
adjacent channels was measured ∼200 ps that was consistent with an ex-
pectation from our HyperLynx simulations. The measured time differences
between channels were used for the timing corrections in results reported
below.
3.2. Energy resolution
Figure 5 compares the pulse-height spectra obtained by using the multi-
threshold method with four thresholds and by using the waveform digitized
at 20GSps. The integrated charges under the (reconstructed) pulse shape
were calculated and shown in the figure. The events with 2, 3 or 4 threshold
hit were used to make the energy estimation for the multi-threshold method.
The results indicate a 18% energy resolution in FWHM at 511 keV with the
former method, and 13% energy resolution in FWHM with the latter. Thus,
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the use of only four thresholds can already yield acceptable energy resolution
for PET imaging.
3.3. Decay time constant
Figure 6 shows the scintillation decay constants obtained. The events
around the 511 keV peaks were kept for the figure by applying 90 keV and
114 keV energy window with respect to the peaks on Figure 5 that correspond
3σ of the spectra. Using the digitized waveform, we obtain a mean value of
45 ns, with a width of ∼5 ns FWHM. In comparison, by using four thresholds
we obtain a mean value of 44 ns, with a width of ∼9 ns FWHM. Thus, by
using four thresholds we obtain an accuracy and precision that is promising
for use in pulse shape discrimination.
3.4. Coincidence timing resolution
Figure 7 shows the coincidence timing resolution using the MT method
sampling method. The energy window of 114 keV with respect 511 keV peak
was applied. The zero crossing of the line fit on the rising edge points was re-
garded as the event time for each PMT signals. Figure 7 shows a coincidence
time resolution of about 340 ps in FWHM. On the other hand, the leading
edge method using the lowest threshold (50mV) alone gives ∼390 ps timing
resolution. We applied the line fit on the rising edges (50-300mV region)
to 20GSps waveforms and obtained a coincident time resolution of about
300 ps in FWHM. To estimate the contribution on timing resolution from
only the electronics and analyzing methods, the signal from the pulse gener-
ator was split into two and fed into the input of both discriminator boards.
By following the same procedures to extract timing resolution, we estimated
7
74∼88 ps of timing uncertainties coming from electronics and methods. The
timing resolutions with three different methods are summarized in Table 1.
These results can be compared to the previously reported ∼300 ps of time
resolution using the conventional analog CFD (8).
Method Timing resolution (FWHM)
MT sampling 340 ± 88 ps
20GSps waveform 300 ± 80 ps
LE (20mV) 381 ± 76 ps
LE (50mV) 393 ± 74 ps
Table 1: Timing resolutions with different time extract methods. The uncertainty includes
only the contribution from electronics. The numbers in parentheses are threshold values
used for the leading edge(LE) method.
4. Conclusion
A multi-threshold discriminator board was built to implement the scheme
of sampling PET signals at the voltage domain. Timing outputs of the multi-
threshold board with 4 thresholds were digitized by an HPTDC. The event
timing and energy information was extracted from the reconstructed pulse
shape using the sampled points. With the multi-threshold method, we ob-
tained 18% of energy resolution and ∼340 ps coincidence timing resolution.
These results can be compared to 14% of energy resolution and ∼300 ps tim-
ing resolution with 20GSps waveform, for which several thousand data points
are used to estimated the event energy and time. The multi-threshold sam-
pling with 4 thresholds contributes ∼40 ps degradation to coincidence timing
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and 4% degradation in energy resolution. It is possible that further improve-
ments in timing can be achieved by threshold-level optimization and using
more accurate fitting methods (11). The current results shows that the multi-
threshold sampling scheme that uses only eight data points per waveform has
accuracy that is only slightly worse than that obtained by analog circuits or
digital schemes that use thousands of data points per waveform. Thus, this
is a promising method for implementing digital PET data acquisition.
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Figure 1: A multi-threshold discriminator board (left) and the TDC board (right). The
discriminator can provide up to 8 thresholds for sampling its input signal. Currently,
four channels have been implemented. The discriminator outputs are connected to the
HPTDC chip on the TDC board. The HPTDC chip, developed at CERN, can provide 8
TDC channels at 24.4 ps/bit resolution.
11
HV
Light shield box
4 chs. discriminator 
    board
HPTDC/Labview
R9800 PMT
 LSO
(Textronix 6154C)
out
in
Na−22
Figure 2: Block diagram of the test setup. Four outputs from each discriminator boards
were connected to HPTDC for time digitization. The PMT signals were directly fed to
the oscilloscope to read out waveform.
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Figure 3: Waveform vs. multi-threshold sampling. Samples acquired by the MT sampling
are marked with blue points. The line fitting on the rising edge and the exponential fitting
on the trailing were applied to reconstruct the pulse shape. The waveform of PMT signal
with 20GSps sampling was shown in black.
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Figure 4: A sample histogram showing the time offset between the outputs of two channels
on the same multi-threshold board. The peak position gives the time offset between the
two channels and the width shows the timing jitter, which is ∼16.2 ps in FWHM in this
case. The width of the other channel combination shows similar values, and the average
timing jitter of a single channel was estimated to ∼12.5 ps in FWHM.
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Figure 5: Pulse-height spectrum obtained from the samples generated by our MT-sampling
prototype (red curve), showing an ∼18% energy resolution at 511 keV, and that from
thousands of samples generated by using a Tektronix TDS6154C oscilloscope at 20GSps,
showing an ∼13% energy resolution at 511 keV. See Section 2.3 for the analysis methods
generating the pulse height.
15
Time(ns)
0 10 20 30 40 50 60 70 80 90 1000
50
100
150
200
250
300
350
400  / ndf 
2χ
 37.87 / 12
Constant  10.6± 384.3 
Mean      0.0±  45.4 
Sigma    
 0.03±  2.03 
 / ndf 2χ
 35.88 / 24
Constant  5.6± 215.8 
Mean     
 0.09± 44.06 
Sigma    
 0.057± 3.903 
20GSps Waveform
MT Reconstructed
Figure 6: The decay constant obtained from the samples acquired at the decay portion of
the pulse generated by our MT-sampling prototype (red curve), showing a mean of ∼45 ns
and a width of ∼9 ns FWHM, and that obtained from thousand samples acquired at the
decay portion by using a Tektronix 6154C oscilloscope at 20GSps (blue curve), showing
a mean of ∼44 ns and a width of ∼4 ns FWHM. See Section 2.3 for the analysis methods
generating the decay constant.
16
Time(ns)
-1 -0.5 0 0.5 1 1.5 20
20
40
60
80
100
120
 / ndf 2χ
 15.74 / 14
Constant  5.4± 113.1 
Mean      0.0056± 0.3607 
Sigma    
 0.0042± 0.1439 
Figure 7: The differential time in coincidence measurement obtained from two samples on
the rising edge of the pulse generated by the MT-sampling prototype. The distribution
shows a coincidence timing resolution of ∼340 ps FWHM.
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